A thermoelectric effect is observed in quantum cascade lasers and validated through thermal/electrical transport modeling. Choosing the proper polarity leads to an active core heat reduction of 9 K for a 7.5 kW/cm 2 thermal load. 
Introduction
Quantum Cascade (QC) lasers, as superlattice devices, can be expected to demonstrate the unique properties possessed by other semiconductor superlattices. One such unique property is an enhanced thermoelectric effect, which has been demonstrated in superlattices of similar composition to be an order of magnitude higher than that of bulk materials [1] . Here, we seek to measure any thermoelectric effect occurring in QC lasers and determine how it can be used for improved performance. Performance in QC lasers is highly dependent on the temperature of the laser core, with performance decreasing as core temperature increases; a potential thermoelectric effect influences heat transport in the core and can be used to reduce core temperature without sacrificing performance in any other way.
Modeling the thermoelectric effect in QC lasers
In order to properly understand the impact of the thermoelectric effect on QC laser performance, a coupled thermal and electrical transport model was developed, using a system of coupled differential equations [2]:
where the electric current density J, heat flux Q, electric potential V, and temperature T are vector quantities. The electrical conductivity σ and thermal conductivity κ are temperature dependent. The Seebeck coefficient S determines the strength of the thermoelectric effect. The Seebeck coefficient chosen for the active region (2x10 -3 V/K) is based on previously studied superlattices of similar composition [1] .
In order to simulate the experiment, we model a "thin-gold", epitaxial-side up mounted QC laser at a heat sink temperature of 150 K, which is the highest temperature at which the lasers used in this study lased in CW operation. The model shows that the maximum temperature of the active core in CW operation is 208.1 K when negatively biased with 19.9 kW/cm 2 of input power density, as shown in Fig. 1(a) . Conversely, when biased under the same conditions but with positive polarity on the top contact, the maximum temperature in the core rises to 211.5 K, revealing a polarity-dependent temperature reduction of 3.4 K in the core from positive polarity to negative polarity. 
Measuring the thermoelectric effect in QC lasers
In order to experimentally quantify this thermoelectric effect, we grew two wafers of the exact same quantum and waveguide design. These wafers were grown back-to-back by metal-organic chemical vapor deposition (MOCVD), with the only difference being that the order of the heterostructure layers in the active core were reversed from one wafer to the other. Thus, the same design requires negative bias for operation in one wafer and positive bias in the other wafer. The quantum design used here is shown in Fig. 1(b) . Devices from both wafers were fabricated together using conventional techniques. Ridges were cleaved to 1.5 mm in length and mounted epitaxial-side up on copper heat sinks, with each heat sink having a positive and negative polarity ridge. X-ray diffraction spectra were taken of both the positive and negative polarity wafers, showing significant overlap and good wafer quality for both wafers. In addition, electroluminescence measurements and lasing spectra show good agreement between the two wafers, with a lasing wavelength of ~4.97 µm for negative polarity and ~4.89 µm positive polarity lasers. Light-current-voltage (LIV) measurements were performed on lasers of both polarities in pulsed and CW mode. Fig. 1(c) depicts an example of the temperature-dependent pulsed LIV characteristics from the negative polarity wafer. In order to characterize the temperature performance, threshold current density measurements were taken across a range of heat sink temperatures under both CW and pulsed operation for many devices of both polarities. Threshold current densities for fourteen exemplary devices, with length 1.5 mm and widths ranging from 8 to 14 µm, are shown in Figs. 2(a) (negative polarity) and 2(b) (positive polarity). The threshold current density for a given laser in CW mode was compared to the same threshold current density for the same laser under pulsed mode; the heat sink temperature for that pulsed measurement is equated with the active core temperature of the CW measurement. Thus, one can extract the temperature of the active core in CW operation. The thermoelectric effect is seen by comparing the core temperature increase (T Δ =T core -T sink ) for a given input power density (i.e. thermal load), where the only difference between devices is the direction of current flow. As seen in Fig. 2(c) , this effect is especially apparent at lower thermal loads, where the average reduction in core heating due to the thermoelectric effect is 9 K ± 5 K for a thermal load of 7.5 kW/cm 2 . This effect is reduced at higher thermal loads, possibly due to a temperature dependence of the Seebeck coefficient of the active region. In any case, the thermoelectric effect is evident across a broad range of thermal loads, ranging up to 15 kW/cm 2 . To confirm that this effect is not related to any polarity dependence in the contacts or waveguide, current-voltage measurements were performed on an "empty" structure, consisting of a QC laser structure without an active core. In these measurements, the voltage drop varies by less than 0.2 V from positive to negative polarity operation. This very small voltage difference has a negligible effect on polarity dependent heating in the active core. 
Conclusions
A thermoelectric effect is modeled in QC lasers, revealing that choosing the proper polarity of operation can reduce the core temperature by several degrees Kelvin. The thermoelectric effect is then measured in QC lasers, showing a reduction in active core heating of 9 K from positive to negative polarity, at an input power density of 7.5 kW/cm 2 . In these epitaxial-side up mounted devices, the thermoelectric effect improves performance when electrons are being injected toward the heat sink. This implies that for epitaxial-side down mounting, the growth order should be reversed from negative to positive polarity in order to fully harness this effect and optimize device performance.
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